A sensitive assay for adenovirus quantitation in vitro was developed using the flow microsphere immunoassay (FMIA) 
INTRODUCTION
Adenoviral vectors have become one of the vector systems of choice in human gene therapy (15) . These vectors have many advantages, including the ability to deliver large amounts of DNA to nondividing cells. As vector development has progressed, more adenoviral genes have been deleted, rendering adenoviral titers more difficult to determine using living cells. In addition, some viral titer assays require time periods in excess of two weeks to complete. As vectors begin to be produced for human therapy, process-control considerations demand more rapid methods of determining infectious viral numbers without sacrificing the quantitative accuracy of titering. Measuring the amount of virus in the blood should also be useful in determining the prognosis of the infected individual and in monitoring the effectiveness of therapies for a number of diseases. The prognostic utility of measuring plasma viral load, for example, in human immunodeficiency virus (HIV) infection is now unequivocal (13) . Therefore, a rapid, accurate technique for the quantitation of adenoviral vectors, and other viruses as well, is required.
The technique known as the flow microsphere immunoassay (FMIA), based on using a flow cytometry instrument, is a quantitative and highly sensitive method that permits the simultaneous determination of multiple analytes in a sample (6, 10) . FMIA requires the microspheres to be coated with a unique capture reagent. The test sample is then added to the microspheres, and the reaction is allowed to proceed. After the reaction, a fluorescent detection reagent is added to the microspheres, and the fluorescence associated with them is quantitated by flow cytometry. The method can be applied to both purified preparations and biological samples, as it differentiates microspheres from cells and other sample components on the basis of their unique lightscatter properties. FMIA studies have used a variety of capture reagents, including antigens to quantitate antibodies in human serum and blood (9, 11) , antibodies to detect soluble proteins in whole blood samples (1) and oligonucleotides to capture products from the polymerase chain reaction (PCR) (16) . Since adenovirus alone scatters too little light to be detected by a flow cytometer, in this study virus was captured by anti-viral antibodies coupled to the surface of the microspheres. Thus, we have adapted FMIA to provide rapid and accurate analysis for adenovirus quantitation.
MATERIALS AND METHODS

Cell Culture and Virus Propagation
Serotype 5, E-1-deleted recombinant adenovirus containing the Escherichia coli lacZreporter gene driven by the cytomegalovirus promoter (AdCMVlacZ), was the gift of Dr. D. Curiel (University of Alabama at Birm-ingham, Birmingham, AL, USA). The virus was propagated in human adenovirus type 5 transformed human embryonic kidney line, 293 cells (ATCC, Rockville, MD, USA), purified and assayed for the number of plaque-forming units (pfu) per mL, as previously described (7) . Glycerol was added to the viral stock to a final concentration of 10% (vol/vol), and aliquots were stored at -70°C.
Microspheres and Anti-Adenoviral Monoclonal Antibodies
Polystyrene-based microspheres that contain surface carboxylic acid residues (Polybead ® Carboxylate 10.0-µ m Microspheres; Polysciences, Warrington, PA, USA) were used for the covalent attachment of antibodies. Two kinds of proteins were coupled to microspheres: (i)anti-knob neutralizing monoclonal antibodies (MAbs) 1D6.14 (kindly provided by D. Curiel) and (ii) 2Hx-2 anti-hexon MAbs (2Hx-2 mouse hybridoma; ATCC). 2Hx-2 MAbs were isolated from ascites fluid produced in BALB/c mice by utilizing affinity chromatography (Monoclonal Antibody Affinity Isolation System, Anti-mouse IgG; American Qualex, La Mirada, CA, USA). Four hundred micrograms of antibody were covalently coupled to the surface of microspheres (0.5 mL of a 2.5% suspension) using a Carbodiimide Kit for Carboxylated Microparticles according to the manufacturer's directions (Polysciences). Microspheres that were covalently coupled with protein were stable when stored for extended periods in storage buffer at 4°C.
Flow Microsphere Immunoassay
The optimal dye, duration and volume for incubation of virus with antibody-coated microspheres were found empirically. In general, 5 × 10 10 pfu of virus were incubated with 2.5 × 10 5 microspheres for 30 min at room temperature (RT) in 10 µ L of phosphatebuffered saline (PBS). To determine the optimal incubation period, binding of virus to microspheres was measured at times ranging from 2 to 90 min. Adsorption was stopped with the addition of 500 µ L PBS, followed by centrifugation to precipitate microspheres from the incubation mixture. The optimal volume for reaction of virus with antibody-coated microspheres was determined by incubating virus with microspheres in volumes ranging from 10 to 100 µ L.
Subsequent to virus adsorption, the virus-antibody-microsphere complexes were incubated at RT with 25 µ g/mL propidium iodide (PI) for 30 min or 0.01 µ M TOTO ® -1 (Molecular Probes, Eugene, OR, USA) for 1 h to stain viral DNA. Following the reaction, the volume was increased to 500 µ L with PBS. Fluorescence of stained microspheres was determined using a Coulter ® Epics Elite Flow Cytometer (Beckman Coulter, Fullerton, CA, USA) equipped with an argon laser emitting at 488 nm and using 19 mW of power. The data were processed and analyzed using the Elite Software (Beckman Coulter). In each run, 10 000 microspheres were tested. PI-stained samples were analyzed using a 675-nm, band-pass filter. TOTO-1-stained samples were analyzed using the combination of a 550-nm, dichroic-long-pass filter and a 525-nm, band-pass filter. The histograms were standardized by adjusting the microspheres-alone standard mean channel to 3.5 on a logarithmic scale. Each sample was subjected to six independent measurements. The statistical comparisons of mean values of different data groups were performed using the paired Student's t test. Experimental group averages were considered significantly different from control group averages if the Pvalue was less than 0.1. Data were analyzed using the Cricket Graph III program (Version 1.01; Computer Associates International, Islandia, NY, USA).
RESULTS AND DISCUSSION
As a rule, a standard curve method is used to determine the concentration of soluble antigens by FMIA (9) . Since virions are colloidal particles uniformly distributed in a liquid, we applied a FMIA approach to detect and quantify adenovirus in vitro using antibodycoated microspheres. Before investigating the saturation process of specific adenoviral sites on the surface of such microspheres and before building a standard curve for the quantitative detection of virus, the most sensitive fluorescent dye and the optimal conditions for microsphere-virus interaction were determined.
The MAb 1D6.14, which was used in our initial experiments, is a neutralizing antibody and is targeted to the knob portion of the adenovirus fiber protein, precisely the region that is planned to be replaced with targeting ligands in gene therapy applications. For this reason, the hybridoma line 2Hx-2 was used to produce an MAb directed against adenovirus type 5 hexon (2). The microspheres coated with these antibodies were applied in all subsequent experiments. However, data derived from experiments with 1D6.14 (not shown) were analogous to that obtained with 2Hx-2.
Nucleic Acid Stains
An ever increasing spectrum of stains for nucleic acids is available. Since the number of dye-binding sites is high, the fluorescence from nucleic acid staining can be strong. Consequently, even dyes such as ethidium bromide and PI that have relatively low absorbance at 488 nm, still give bright staining. Recently, high-affinity dimeric derivatives related to thiazole orange, which have much stronger absorption than traditional dyes, have been prepared. One of these, TOTO-1, is particularly well excited by argon laser emissions. The molar extinction coefficient at 488 nm is 4000 (cm -1 M -1 ) for PI and 11 7 000 for TOTO-1 (5). According to the supplier, the fluorescence intensity of the DNA/TOTO-1 complexes is directly proportional to the amount of DNA in a sample. This feature of fluorescent dyes (TOTO-1 and PI) was exploited for adenovirus quantitation by flow microsphere immunoassay.
Adenovirus is non-enveloped virus with a linear double-stranded 36-kb DNA genome. To find the optimal dye for the staining of viral DNA, the relative fluorescent intensities of equal quantities of adenovirus were determined for two dyes: PI and TOTO-1. and by TOTO-1 (broken line). The peak width for TOTO-1-stained samples was 50% of that for PI-stained samples, as estimated by coefficient of variance. The sharper peak for TOTO-1 indicates that we can recognize even very small shifts in microsphere fluorescence, which reflect the amount of virus adsorbed on the surface and therefore the virus concentration in the sample.
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Optimal Time for Adsorption
The adsorption of virus to microspheres was examined under different experimental conditions to find the optimal time of incubation. Fluorescence measurements were initiated after 2 min and were carried out for 90 min. As seen in Figure 2, 
Optimal Volume for Adsorption
The efficiency of virus adsorption by microspheres was analyzed as a function of volume. Samples containing equal concentrations of virus were incubated with a constant number of microspheres in different volumes of PBS ranging from 10 to 100 µ L. A regression curve was derived on the basis of flow cytometric measurements (Figure 3) . The relationships between the fluorescent intensity and the reaction volume can be described by a secondorder polynomial equation. The highest level of microsphere saturation by virus has been detected in the smallest volume (10 µ L) when viral particles are relatively close to microspheres. The physics of such a system can be described by three processes occurring simultaneously: (i) Brownian motion of the virus, (ii) decay of the virus and (iii) adsorption, or capture, of the viruses by the microspheres (3, 4) . Because the volume is large compared to the size of microspheres and adenoviral particles (70-80 nm), the majority of viruses in the medium will not be able to reach the microspheres within a certain time.
Only those viral particles closest to the target will be captured efficiently.
Thus, the amount of virus binding to the antivirus antibody-coated microspheres varies depending on the conditions. We found the optimal conditions for our system to be the incubation of microspheres with virus samples in 10 µ L of PBS for 30 min and the staining of viral DNA by TOTO-1.
Saturation of the Virus-Specific Sites
Finally, saturation of the adenovirus-specific sites on the surface of antibody-coated microspheres was studied to obtain the curve for the determination of the virus concentration in an unknown sample. Based on the requirement for the presence of both viral protein and nucleic acid to perform the assay, the total number of virions in a sample can be considered equivalent to the number of infectious particles (pfu). A constant number of microspheres (2.5 ×10 5 ) was mixed with known increasing concentrations of adenovirus titered on 293 cells. The ratio between the number of microspheres and virus was varied from 2:10 2 to 2:10 5 . Virus binding was compared with the fluorescence of control microspheres (no virus). Virus that reacted with antibodies on coated microspheres were detected with TOTO-1 as the fluorescent dye. The mean values of different analyses were compared using the paired Student's t test.
When a ratio of 50 infectious viral particles to one microsphere was used, the mean fluorescence obtained was similar to that observed with control microspheres. The value of relative fluorescence was significantly higher ( P <0.1) for the samples containing virus than that obtained with control samples at the level of 5 × 10 2 pfu per microsphere. Thus, the minimum concentration of virus per microsphere that can be detected by flow cytometry under the conditions described above is about 500 pfu (or even less). Saturation of specific virus sites on the surface of microspheres was reached with the addition of about 2 ×10 5 pfu per microsphere. The relationship between the fluorescent intensity and the concentration of virus was best described by a polynomial equation of the second order. Figure 4 is the graphical representation of this relationship. Repeated tests with each virus concentration showed a high reproducibility of results. Thus, the curve represented in the figure could be used as a standard curve for the determination of virus titer (quantity). If the concentration of the virus in an unknown sample is not on the curve obtained, the sample can be concentrated [by, for example, an Amicon ® Microcon ® Microconcentrator (Millipore, Bedford, MA, USA)] or can be diluted.
A similar curve was obtained with PI-stained microsphere-virus complexes (data not shown). The difference in mean fluorescence ranged from 3.0 to 25.0 on a log scale. The results demonstrated the similar kinetics for virus binding but a much lower level of sensitivity than with TOTO-1 staining.
Until now, there have been three popular methods for adenovirus quantitation. The most accurate results are obtained by a viral plaque assay in monolayer cell culture. This method requires many time-and labor-consuming steps in sterile conditions before and during cell infection by viruses. Plaques (localized foci of virus-infected cells) can be demonstrated by staining the monolayer with a vital stain and counted under the microscope after an appropriate incubation period, approximately two weeks. If plaque assays are used for quantitation of viruses directly from clinical specimens, one must recognize that specimens might contain some substances that adhere to the monolayer and produce foci of necrotic cells that can be mistaken for viral plaques or that inhibit virus binding and thereby reduce apparent virus titer. A related assay, the fluorescent focus assay (FFA), quantifies infectious virus numbers using anti-adenoviral antibodies to identify virus-infected cells (14) . Because this approach removes the requirement for plaque formation, it reduces the time for assay completion to 2-3 days. Both the plaque assay and FFA require the use of cells for which the adenovirus has an appropriate tropism. It can be difficult or impossible using these methods to quantify targeted adenoviral vectors, whose endogenous binding has been ablated.
The third method, optical density (OD) measurement at 260 nm, is based on the ratio of viral protein to OD units (8) . This assay is inexpensive and fast; however, it is inherently inaccurate, as it depends on the purity of the preparation and does not address either protein specificity or the concentration of infectious particles. In addition, this technique cannot be used at all in biological specimens.
The method evaluated in this study uses microspheres coated with MAbs to adenoviral proteins to bind adenovirus in a physiologic solution. The virus bound to the microspheres are stained with a nucleic acid dye, and total fluorescence is quantitated by flow cytometry. Differences in fluorescence measurements per microsphere in the distribution reflect real differences in
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viral binding per microsphere. The presence of both adenoviral proteins (antibody binding) and nucleic acids (staining) correlates with the total virus concentration. The assay is simple, inexpensive, takes approximately 2 h to perform and has the advantages of immunospecificity and the ability to estimate the titer of modified viral particles. The method can also be applied to other viral systems by choosing microspheres of different size and appropriate antibodies. The possible uses of our quantitation method are widespread, from process control and quality assurance in production of gene therapy products and vaccines, to research and development of new adenoviral vectors and detection of adenovirus in patient serum.
